Abstract -The measurement of the topological charge of a vortex beam is demonstrated using the diffraction pattern produced by hole wheel. The resulting mandala-like interference pattern depends on the number of holes relatively to the topological charge. The interference at the centre of the pattern -bright or dark-enables us to determine the topological charge in a procedure when hole wheels with different number of holes are applied. This method is direct and wavelength independent. It does not require any image analysis and could find applications in classical telecommunications or quantum optics using twisted light.
Introduction. -It has been recently demonstrated that the bit rate of free-space communications can be dramatically enhanced without requiring more bandwidth, just by exploiting the spatial phases of twisted beams. This has been evidenced with electromagnetic waves, both in radio [1, 2] and in optics [3] [4] [5] . In this context, and also more generally, the exact determination of the Orbital Angular Momentum (OAM) of the beam, also called the topological charge, is a key-point [6, 7] . Consequently, exploring methods to measure the OAM remains a highly challenging issue [8] .
It exists many methods to determine the topological charge of twisted beams. A natural one is the direct measurement of the amplitude and the phase of the electric field. In the radio-frequency domain, a x-y scanning detector can do it [1, 9] . Unfortunately, this cannot be done for high frequency waves, like in optics. Wavefront analyzers can be an alternative [10] . Otherwise, some methods are based on mode transformation into an easy identified pattern [11, 12] or into a simple mode, using elements which provide directly the topological charge value [13, 14] . Other solutions exploit the momentum transfer from a twisted beam to a small object, and a measurement of the torque effect [15] [16] [17] . All these methods are wavelength dependent. Nevertheless, the most popular techniques use interferences with a plane wave [18] [19] [20] or interferences through special shaped apertures [21] [22] [23] [24] [25] [26] including the classical Young's interferences [27, 28] . However, these methods based on interference pattern analysis, are well adapted for low OAM values and become hard for larger values as the pattern becomes highly modulated. In this letter we demonstrate that the diffraction by a hole wheel provides a direct method to determine the topological charge, without pattern analysis, but only by recording the interference state on the propagation axis. We also discuss how the method can be extended to large OAM measurement.
Experimental set up. -The experiment is sketched in Fig. 1 . A twisted Laguerre Gaussian (LG) beam is generated from the fundamental beam of a linearly polarized He-Ne laser (λ = 633 nm, Melles Griot, P = 1 mW). We use a vortex phase plate having sectors (RPC Photonics) [29] to create them. Their topological charge can be chosen from = ±1 to ±8.
The LG beam is diffracted by a p hole wheel, having holes with d = 0.15 mm diameter, regularly spaced on a circle of radius R = 2.5 mm. R is chosen to be of the order of the LG beam radius to get a correct brilliance for detection, but, as described hereafter, the method works in principle for any R values. The mask of hole wheel is realized with an ordinary laser-printed transparency and is fixed on a xy support to centre the wheel on the LG beam centre. The interference pattern is viewed at a D = 5 m distance on a screen and recorded by a CCD camera. The interference pattern (see Fig. 2 ), visible with the naked eye, exhibits a mandala-like pattern whose centre is bright when p divides (if = 0). Based on this property, with a set of hole wheels and a detector placed at the pattern center, we can determine the topological charge.
Theoretical considerations. -Let us focus on the intensity on the wheel axis. All the interfering paths have the same length (see Fig. 3 ). If the diffracting points are all in phase, they interfere constructively, leading to a bright spot in the shadow of the mask. Otherwise, they interfere destructively, leading to a dark spot. This is like in a dark spot of Arago interferences for twisted beams [33] , but considering only discrete diffracting points instead of a continuous diffracting disk.
To describe the diffraction pattern, let us consider the phase of the incident LG beam with a charge , at the hole wheel plane. The phase φ is known to be [13] 
where θ is the azimuthal angle in the (r, θ, z) cylindrical coordinates. If we assume the same origin for the azimuthal angle and for the p hole wheel, then the phase of the LG beam at the n th hole equals As shown in Fig. 3 , the interference pattern results from the propagation of each p partial waves at the output of the holes. Obviously, if p divides , the waves exiting the p holes have exactly the same phase and the diffracted field is maximum on the axis due to the symmetry of the device (see Fig. 3b ), giving a bright spot in the mandala-like pattern. More precisely, because the field on the axis is characterized by the sum
, the field equals zero (except for = 0). The mandala-like pattern is fully determined by the quantity 2π /p. Because 2π /p = 2π + 2π( − p)/p, then, for a given p value, the patterns for and − p are the same. It is what we observe in Fig. 2 , for p = 9 (second column), = 8 and = −1 (first and third lines). The mandala-like pattern can be precisely expressed by the Fresnel diffraction at the distance D, for the hole wheel transmission t(r, θ). On the axis, the diffracted path is √ D 2 + r 2 and the field is
where A(r) is the radial dependence of the incident LG beam amplitude and k the wave vector. Assuming that the holes are small enough and approximated by radial tiny slits, we have t(r, θ) = T (r)t(θ), leading to separated integrals over r and θ. The field amplitude on the axis is then proportional to
Eq. 4 is the component of the Fourier series of the transmission t(θ). It equals zero when t(θ) does not contain any -periodicity. Note that the interference state -bright or dark-is only governed by the square of integral in Eq. 4. It does not depend on the sign of neither on the distance D.
Results and discussion. -We have performed experiments with = 8 using various mask of p hole wheels (p = 7, 8, 9), see Fig. 2 . As expected, for p = 8, we observe a bright spot in the middle of the mandala-like interference pattern, whereas for p = 7 and p = 9 there is a dark spot surrounded by a light ring in the middle of the pattern. It is worth noting that the patterns are similar to the ones obtained by scanning tunneling microscopy to probe quasicrystals [34] . Here, however, the diffraction pattern is derived from the symmetry of the distribution of the holes in the wheel (and not from the atomic positions of a material) and for visible light (and not for X-ray plane waves). Indeed, for X-rays, the symmetry of the diffracted sample is studied for large distances D to explore the interference pattern as a whole. Here, the topological charge of the twisted laser beam can be identified even with short distances D.
We have compared these patterns with the case = 0 (plane wave) and = 1, analyzed with the same wheels. The mandala ( = 8, p = 8) is similar to the ( = 0, p = 8) one, whereas ( = 8, p = 9) and ( = 8, p = 7) are similar to ( = 1, p = 9) and ( = 1, p = 7) respectively. The patterns are governed by the absolute value of − p. The slight discrepancies between the mandalas are probably due to the hole size: the phase variation over the aperture, which is about d/R, should be small compared to 2π (see Fig. 3c ). This leads to
which is nothing but the circle perimeter divided by the beam order. Here the criterion is not fully fulfilled for ≥ 8. We could have worked with smaller holes. They are not easy to produced with the laser printer resolution, but they could be designed with dedicated drilling machines or lithography. Nevertheless, we have checked that, for the centre of the pattern only, the interference leads to a bright spot when the topological charge is a multiple of the number of holes in the wheel, otherwise, it leads to a dark spot. Besides, since this spot arises from the diffraction of several points that interfere on the symmetry axis, it is a self reconstructing beam [33] . It is robust against propagation and tiny phase variations, even close to the mask, (D is of the order of few centimeters). The CCD camera could be easily replaced by a simple photodiode placed on the axis. Moreover, there is no need for image or speckle analysis.
One can even propose an apparatus inexpensively determine the topological charge of a twisted beam (see Fig. 4 ). The incident beam is assumed to be a twisted beam. The beam is split by several beam splitters that can be grouped as powers of prime numbers. Each part is sent to a p hole wheel (p = 2 to 100) followed by a photodiode on the beam axis. If is a multiple of p, there is a bright spot and a signal on the photodiode, otherwise, there is no signal. For example, we have tested its principle, introducing various hole wheels for a = 8 twisted beam. The spot is dark for p = 3, 5, 7, 11, 13. It is bright for p = 4, 8 and dark for p = 16. One can then unambiguously conclude, assuming ≤ 100, that = 8. This method is fast, direct and most of all, it is wavelength independent.
Our method differs from previous ones that also used pinholes to measure topological charges [21, [30] [31] [32] . Those either compared the interference pattern or the light speckle with simulations [21, 32] , or used algorithms [30, 31] to determine . Indeed, with our method, the topological charge is obtained without treatment algorithm by applying a series of p hole wheel having different values of p. It is just a two alternative determination whether there is light intensity in the center or not. This can be performed with a simple photodiode. Besides, contrarily to other methods D can be freely chosen, giving a versatility to the method.
Topological charge recognition. -One can then wonder whether these masks can be used to identify twisted beams. We probe several beams propagating along the same axis with = 5 to 8 with four wheels with p = 5 to 8. The interference pattern and the spot in the middle of the pattern are investigated for each beam and each mask (see Fig. 5 ). The interference patterns that have a bright spot in the middle of the pattern indeed correspond to = p. Those having a dark spot in the middle of the pattern correspond to = p. The number of holes in the wheel determines the absolute value of the topological charge of the beam. To get the sign of , one can couple this method to double-slit interference technics [27, 28] . Indeed, whereas double-slit experiment provides highly modulated pattern in the case of high ell values, the bending of the pattern gives its sign. Besides, in the case of superimposed copropagating coaxial LG beams, this method could even give access to the p-5 p=7 p=49 relative amplitudes after calibration of the detector.
Thus, when dealing with topological charges which are prime numbers between each others, one can readily, unambiguously and simply sort them using the corresponding masks and a detector at the centre of the pattern. If there is a signal then corresponds to the number of holes.
Moreover, when one uses several twisted modes multiplexed (superimposed and propagating along the same axis) [2, 35] , like in a telecommunication system, one can simply sort them with a tiny detector positioned behind the centre of the wheel that has a given number of holes p. The signal detected would be the one corresponding to the twisted mode with a topological charge equal to the number of holes. If one can split the copropagating beam in several parts and uses a different mask after each beam, one could extract the signal carried on each twisted mode. This could be a cheap and elegant way to measure them, without any image analysis after detection.
Conclusion. -To conclude, we have developed an original method to measure the absolute topological charge of a twisted beam using regularly spaced apertures. It is based on the existence of a bright spot in the middle of the mandala-like interference pattern. It can also sort twisted beams and combinations of twisted beams that propagate on the same axis. It can be readily used in telecommunication demultiplexing systems, without any numerical treatment of the image.
Our method is specially well adapted to measure high topological charges. It is not restricted to LG beams and could be directly applied to any twisted beam, as for non diffracting Bessel Gaussian beams. Those are popular among scientists dealing with entanglement [14, [36] [37] [38] [39] , especially since high degree of entanglement is usually obtained with p=5 p=6 p=7 p=8 l=5 l=6 l=7 l=8 high order twisted beams ( = ±300) [40] . Besides, high order twisted beams have also been proposed for fundamental tests in quantum gravity or in remote sensing. It could also be applied to measure high topological of charge electron beams [41] that where recently used to probe chiral and magnetic structures. * * * The authors thank Jean René Thébault for technical assistance. Bruno Viaris de Lesegno and Laurence Pruvost thank the research federation LUMAT, the RTRA "Triangle de la physique" and the regional "dim NanoK" for financial supports.
